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The purpose of this study was to examine the dose response 
and time course relationships between PUV A (psoralen + 
UV A) depletion of skin glutathione (GSH) and the induc-
tion of inflammation. Dorsal skin fold thickness (DSFT) , 
an index of cutaneous edema, w as used as a noninvasive 
measure of inflammation. Ornithine decarboxylase (ODC) 
was used as a measure of epiderm al d am age. Female hairless 
mice were g iven 8-methoxypsoralen (8-MOP) (dissolved 
in corn oil) by gavage at different doses, and 2 h later the 
mice were irradiated with 5 ] /cm 2 UVA . At 24 h , DSFT 
m easurem ents were taken , the mice were killed , and re-
duced GSH, glutathione disulfide (GSSG) , and g lutathi-
o ne- S-transferase w ere m easured in the epidermis and d er-
mis. E piderm al GSH was depleted 0, II, 45, 87, and 98% 
Photochemical activation of8-methoxypsoralen (8-MOP) by ultraviolet A radiation (UVA; 320-400 nm) is an effective form of dermatologic therapy used in the trea t-ment of vitiligo and psori asis [1 ,2]. Psoralen (P) plus UV A radiation (P + UV A = PUV A) can disrupt cell 
division and damage DNA [3] . ' 
Acute phototoxic reactions to PUV A include erythema, edema, 
dermal infiltration of inflammatory cells, pigmentation, and pre-
mature aging of skin in human and/or experimental animals [2] . 
Mice treated with PUV A develop a marked cutaneous edema and 
ornithine decarboxylase (ODC) activity is induced in the epider-
mis [4]. Upon irradiation psoralens can undergo direct photoad-
dition reactions (type I) with proteins or nucleic acids, and can 
react with molecular oxygen and form singlet oxygen (102) and 
superoxide anion in type II energy trans fer reactions [5] . Type II 
reaction products can lead to oxidation of mem brane lipids, mem-
brane protein cross-linking, enzyme inhibition, and damage to 
the cell membrane [6]. Glutathione (GSH) is a tripeptide account-
ing for almost 90% of the intracellular nonprotein thiol, and is 
important in protecting cells from oxygen radicals and other re-
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Abbreviations: 
DSFT: dorsal skin fold thickness 
GSH: glutathione 
GSSG: glutathione disulfide 
8-MOP: 8-methoxypsoralcn 
ODC: ornithine decarboxylase 
PUVA: 8-MOP + UVA radiation (320-400 nm) 
from vehicle and/or UVA-treated levels (0.7 mM) after 0.1, 
0 .5, 5, 25, and 50 m g/kg, respectively. In the dermis GSH 
decreased from 0.3 mM by 47, 87, and 91 % afte r 5 , 25, 
and 50 m g/kg 8-MOP, respectively. Increases in DSFT of 
20,141, and 242% w ere observed after 5,25, and 50 m g/k g 
doses, respectively. GSSG accounted for a sm all portion 
of total GSH in the skin after PUV A trea tment. The m ax-
imal decreases in GSH were not observed until 24-48 h 
after PUV A treatment. PUV A treatm ent leads to dose-
rela ted increases in dermal edema, epiderm al ODe, and 
deple tion of GSH levels from bo th compartments in the 
skin . The time course of g lutathio ne loss suggests tha t 
PUV A may interfere with its resynthesis or utilization from 
the circulation . J Itwest D ermatol 87:658-662, 1986 
active chemicals. GSH has been shown to inhibit pigmentation 
[7] , and to decline with age [8]. GSH can inhibit oxygen radical-
induced lipid peroxidation both enzymatically and nonenzymat-
ically [9]. Depletion of cellular GSH has been shown to be an 
important toxicologic mechanism that leads to cell damage. The 
toxicity of certain hepatotoxic and cardiotoxic drugs has been 
attributed to their ability to deplete GSH [10-13] . 
The purpose of this study was to determine whether PUV A 
alters cutaneous GSH levels. If so, does the time course ofPUV A-
induced phototoxicity estimated from the dermal inflammation 
(edema) and epidermal damage (ODC) parallel alterations in GSH? 
T he results show that PUV A can deplete both dermal and epi-
dermal GSH in a dose- related manner. The relatively slow time 
course of the depletion of GSH suggests a direct reaction with 
GSH or membrane damage, and leakage ofGSH is not involved. 
MATERIALS AND METHODS 
Animals Female hairless mice (SKH/HRl) weighing approx-
imately 20 g were obtained from the Skin Cancer Hospital, Tem-
ple University (Philadelphia, Pennsylvania) or Allergan Phar-
maceuticals (Irvine, California) . 
Drug Administration 8-Methoxypsoralen (lot no. 21900) was 
obtained from Elder Pharmaceuticals . A 4% solution was pre-
pared in corn oil. Mild heating was required to completely dis-
solve th e 8-MOP. Mice were given 0.1, 0.5, 5, 25, or 50 mg/kg 
in 0.25 ml of corn oil by gavage using a no . 18 gauge needle 
(Perfectum). 
Irradiation Two hours after the mice were given the 8-MOP 
solution , they were irradiated with 5.0 ]lcm 2 ofUVA. The UVA 
source consisted of a 2 x 4 ft 8-1amp fixture mounted approxi-
mately 15 cm above the table the mice were placed on. The 
fluorescent lamps (FR40TI2/PUV A lamps; Sylvania) have a peak 
.emission at 365 nm. The UVA output was measured using an 
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International Light Il-700A radiometer and an II See015 sensor 
fitted with a UV A filter sensitive to radiation between 300-380 
nm with a calibrated peak at 365 nm. It was connected to an IL-
720 photodosimeter with a feedback circuit to turn off the lamps 
at the predetermined dose. The radiation treatments lasted about 
35 min . 
Preparation of Mouse Epidermis and Dermis Mice were 
killed by cervical dislocation and the dorsal skin was removed. 
The epidermis was separated from the dermis by a brief heat 
treatment at 55°C for 30 s. 
The epidermis and dermis (1:10 dilution) were homogenized 
in 1.0 ml of ice-cold 0.05 M potassium phosphate buffer (pH 7.4) 
with an Ultra-Turrax Oanke & Kunkel) homogenizer set at 70 
for 15 s. The homogenates were centrifuged at 12,000 g in an 
Eppendorf centrifuge (model 5414) for 2 min. The supernatant 
treated with an equal volume of 10% trichloroacetic acid was 
assayed for GSH and glutathione disulfide (GSSG). 
Measurements Glutathione and GSH-Dependel1t Enzyl/les: To-
tal g lutathione was measured using the enzyme recycling assay 
of T ietze [14]. Glutathione disulfide was measured after destruc-
tion of reduced GSH by conjugation with vinyl pyridine [15). 
Glutathione reductase was measured by the method of Chung 
and Maines (16). Glutathione-S-transferase and HzOz-dependent 
GSH peroxidase were measured by the methods of Habib et al 
[17] and Lawrence and Burk (1 8), respectively. 
Protein Determination: Protein in the supernatants was measured 
by the BioRad dye binding assay. 
Ornithine Decarboxylase: Ornithine decarboxylase was measured 
by the method of Connor and Lowe [4]. 
Edema: Edema was measured indirectly by the dorsal skin fold 
thickness (DSFT) of the mouse using a Mitutoyo dial caliper 
(0.001 in.). 
Histology Biopsies of dorsal skin (4 mmZ) were fixed in 10% 
formalin, sectioned at 6 J.tm vertica lly, and stained with hema-
toxylin and eosin. The thickness of the epidermis and the number 
of necrotic epidermal cells were determined. 
RESULTS 
The concentrations of GSSG, GSH, and the GSH-dependent en-
zymes present in the skin are shown in Table I. The epidermal 
concentration of reduced GSH is approximately twice that of the 
dermis. The epidermis has higher GSH reductase and GSH per-
oxidase activities than the dermis, whereas the transferase levels 
are simi lar. 
It can be seen from the data in Fig 1 that the depletion of GSH 
after PUV A treatment was a slow process with maximal depletion 
between 24-48 h . Treatment with either 8-MOP or UV A radia-
tion alone resulted in transient effects on GSH. The PUV A treat-
ment induced similar effects in the dermis as in the epidermis 
(Fig 2). 
The concentration of GSSG in the epidermis remained a small 
proportion of the to tal thiol concentration. At 48 and 72 h GSSG 
represents almost all of the cytosolic GSH in the epidermis (Fig 
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Figure 1. Time course of depletion of epidermal GSH after oral 8-MOP 
(50 mg/kg, sqllares) and UVA (5 j /cm2, triallgles). The concentration of 
both GSSG (x ) and reduced GSH (circles) are shown after PUV A treat-
ment. Seven mice/group were killed at the stated times and GSH mea-
sures. 
1). Except for the increase in GSSG at 24 h, the dermis followed 
a time course similar to the epidermis (Fig 2). 
Increases in the DSFT were seen as early as 6-8 h (Fig 3). The 
peak of the response occurred between 24-48 h, and slowly de-
creased over" days to near normal. UV A radiation and 8-MOP 
alone had no effect on DSFT. A dose-response study revealed 
that increases in the DSFT were not observed until doses of 8-
MOP of at least 5 mg/kg were administered. T he DSFT increased 
20, 141, and 242% for 5, 25, and 50 mg/ kg, respectively, by 24 
h after irradiation (Fig 4) . The doses of 8-MOP that resulted in 
edema also caused depletion of epidermal and dermal GSH (Fig 
4). Epidermal GSH showed significant depletion after doses of 
5, 25, and 50 mg/ kg (46, 88, and 98%, respectively). Similar 
results were observed in the dennis. 
Time courses for the 5, 25, and 50 mg/ kg doses of 8-MOP 
plus UV A radiation were also studied. Both 5 and 25 mg/kg 
doses showed a decrease in GSH at 24 h, but then a return to 
normal, w hereas the 50 mg/kg dose did not (Fig 5). 
Changes in DSFT are predominantly a dermal effect. Epidermal 
damage was quantitated by measuring ODC induction. ODC 
was induced by PUV A treatment with a time course similar to 
DFST (Fig 6). As with edema, ODC was not induced until doses 
of 8-MOP were 5 mg/ kg or greater. 
The effect of PUV A treatment on epidermal and dermal en-
zymes that use GSH as a cofactor were examined. No changes 
in GSH reductase and GSH transferase were observed in the ep-
Table I. Concentration of Glutathione (GSH) in Skin and Enzyme Activity of GSH-Dependent Enzymes in Hairless Mouse 
Skin GSH" GSSG" 
Epidermis 0.75 ± 0. 16 0.022 ± 0.04 
Dermis 0.32 ± 0.04 0.088 ± 0.026 
See Materia ls ,/lid Methods for details of assays. Mean of 6-8 mice:!: SEM. 
· ,...mol/g tissue. 
bnrnol / mg protein/ min . 
tnrnol /mg protein/min . 
Jnmoi NA!lPH oxidized/mg protein/min. 
GSH GSH GSH 
Reductaseb Transferase' Peroxidase,t 
22.5 ± 1.3 55.3 ± 4.9 80.2 ± 2.5 
14.3 ± 2. 1 64.8 ± 6.1 37.0 ± 8.0 
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Figure 2. Time coursc of depletion of dermal GSH after ora l 8-MO P 
(sql/ares) and UVA (lriallgles). The conccntra tion of both oxidized (x) and 
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reduced (circles) ~SH are shown after PUV A treatment. 30 
idcrmis or dermis at doses of25 o r 50 m g/kg with 5 J/cm2 UVA . 
GSH peroxidase at a hi gh dose of 50 mg/kg 8-MOP plus .uV A 
radiation suppressed GS H peroxidasc in both the epidermis and 
dermis (Ta ble II ). 
Biopsies were taken from mice 24 h after PUV A treatment. 
Histologicall y, mice trea ted w ith 5 mg/kg PUVA showed signs 
of epidermal dam age an d inflammatio n (neutrop hiJic infiltration) . 
With 25 and 50 mg/ kg, sing le necrotic epiderm al cells were fre-
quentl y secn w ith a subacute dermatitis, w hereas in the controls 
some mild acanthosis was observed with corn oil and UV A o r 
8-MOP on ly treatment. T he epidermal damagc observed w ith 
25 and 50 mg/kg was histologica ll y indistingui shable. 
DISCUSSION 
Depletion ofGSH has been shown to bc an important mcchanism 
in the toxicity of certain hepatotoxic and cardiotoxic drugs [1 0-13]. 
We have shown that phototoxic PUV A treatments can lead to a 
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Figure 3. Time course of DSFT after ora l 8-MOP (sql/ares; 50 mg/ kg), 
UV A (Iriallgles; 5 J /cm2), and PUVA (circles). Seven mice/group were 
measured at times indica ted; bars, mean ± SEM . 
100 
Figure 4. Dose-response curve of ora l 8-MOP vs DSFT (rop graph) and 
depletion of epidermal GSH (bol/olll graph). Sim ilar results were observed 
in the dermis (data not shown). Seven mice/group were given 8-MOP 
by gavage. Two hours later mice were irradiated w ith UVA (5 J /cm2) 
and DSFT and GSH measured 24 h later. 
marked decrease in cutaneous GSH in this study. An attempt was 
made to co rrelate the depletion of GSH in the skin to PUV A 
photoxicity . Skin edema (i.e . , infl ammation) and ODC (a m ea-
sure of epidermal damage) were measured at different 8-MOP 
doses (plus UV A) , and GSH determined in the tissues. 8-MOP 
doses of 0. 1 and 0.5 mg/kg do not significantl y change DSFT, 
ODC, or GSH . At 5 mg/kg an increase in DSFT is o bserved, 
i.e., edema is induced and epidermal GS H decreased by 45% . 
Maximal edcma and depletion of GSH occur at 25 mg/kg . The 
data suggest that no phototoxic cffects are o bserved until ap-
proximately 50% of the GSH is depleted . Sim.ilar data and ar-
gumen ts can be made for ODC induction in the epidermis and 
depletion of GSH. 
Comparison of the time courses of GSH depletion, an d edema 
and ODC induction , show that maximal phototoxici ty is at 24 
to 48 h, the time of maxim al depletion of GSH. However, one 
might expect depletion of GSH to occur as an acute event and 
precede rather than parallel the induction ofODC or edema. This 
may reflect that we could not measure regional differences (mem-
brane vs cytosol, etc.) in the cell but tota l cellular GSH. The time 
course for GSH depletion was unexpectedly prolonged (24-48 h) 
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Figure 5. Time course of depletion of epidermal GSH after 5 (triallgles), 
25 (sqllares) , and 50 (circles) mg/kg 8-MOP. Seven mice were killed at 
various times after UV A irradiation and GS H determined; bars, mean ± 
SEM. 
for a photoactivated compound . Maximal depletion of GSH re-
quired UV A radiation , suggesting photoactivation to a reactive 
species. Joshi and Pathak [1 9] and deMol et al [20,21] have shown 
that PUV A can generate oxygen radicals that could induce lipid 
peroxidation . Based on the concept that 8-MOP could act through 
a type II photochemical reaction resulting in the generatIOn of 
oxygen radicals after exposure to UV A radi ation , we predi cted 
that depletion ofGSH would occur by oxidation to GSSG dur1l1g 
and right after irradiation due to oxygen radical generation. The 
lack of a significant increase in GSSG being measured in the skin 
after PUV A treatment does not support the oxygen radical mech-
anism. In addition, another psoralen , 3-carbethoxy-psoralen, readily 
undergoes type II photochemical reactions resulting in oxygen 
12 
10 
2 
o 24 48 72 
TIME (HOURS) POST IRRAOIlmON 
Figure 6. Time course of epidermal ODC induction after oral 8-MOP 
(25 rng/kg) and UVA radiation (5 J/cm2). Five mice/group were kIlled 
at the stated times and ODC measured; bars, mean ± SEM. 
DEPLETION O F C UTANEOUS GSH BY PUVA 661 
Table II. Effect of PUV A 0 11 Glutathi one Perox idase 
Activity in Hairless Mouse Skin 
Trcatnlcnt" 
Corn oil 
I mg/kg 8-MO P 
10 mg/kg 8-MOP 
50 mg/kg 8-MO P 
nmol NADPH Oxidized/mg 
Protein /min 
Epidermis Derm is 
80 ± 2.5 37 ± 8 
89 ± 6 43 ± 30 
90 ± 8 44 ± 10 
49 ± 6 27 ± 10 
"Mice (11 = 5 pcr group) were irridated 2 h aftcr gavage of8-MOP with 5 )lcm2 
UV A f:l di3tion: mice were killed :It 24 h and GS H perox idase measured. 
radical formation grea ter th an with 8-MOP [1 9] but does not 
induce epidermal ODC or ede ma [4] or deplete GS H (da ta not 
shown). 
Structurall y, 8-MOP contains an a,,B-unsaturated carbonyl group 
that could act as a substrate for GSH transferase and thus theo-
re tically at leas t m ay account for GSH consumption . Exa mples 
of compounds that depletc GSH enzymaticall y by thi s mechanism 
in the liver are 2-cyclohexen-1-onc [22], l-chloro-2,4-runitro-
benzene [23], diethylmalea te [24], and azathioprine [25]. The time 
course of GSH depletion by this mechanism is often rapid (min-
utes) when quantitated in vitro or in vivo . When 2-cyclohexen-
1-one (da ta not shown) and dieth ylmaleate are applied topica ll y 
to the skin , GSH is reduced by 95% w ithin 10-30 min. E nzy matic 
reaction of 8-MOP with GSH might explain the fa ll seen in epi-
dermal GSH between 24-48 h with high doses (50 m g/kg) 8-
MOP alone. In an attempt to test this idea directly we incubated 
8-MOP, GSH, and purifi ed rat liver GSH transferase in vitro at 
37"C and did not see conju gation or depletion of GSH . Altcr-
natively, P-450 dependent enzymes cou ld metabolize 8-MOP to 
electrophili c interm ediates that would react directly with GS H . 
Kolis et al [26] and Schmid et al [27] have shown that 8-MOP 
can undergo epoxidation at the 2' ,3' position. N o GSH conjugates 
have been identified to date. 
Another possibility is that thc enzy mes involved in the synthesis 
and degradation of GSH are altered by PUV A treatment. Intra-
cellular GSH is no rmally main tained at characteristi c concentra-
tions for each cell or tissue. Regulation of this fixed limit can 
readily be demonstrated by interfering w ith the synthesis of GSH 
or its degradation. We have examined so me of the enzylTles that 
use or degrade GSH. Although GSH peroxidase activity was 
decreased after PUV A treatment, levels of GSH transferase and 
GSH redu ctase remained unchan ged . 
The synthesis of GSH can be altered by inhibi ting y-gluta-
m ylcysteine synthetase with buthionine sllifoximine. Addition of 
buthionine sul foximine to cells in culture also resu lts in a slow 
decline (8-24 h) of GSH [28J. This is in contras t to compounds 
th at deplete GSH by enzy matic conjugation (GSH transferase) 
sllch as 2-cyc!ohexen-l-one, l-chloro-2,4-dinitrobenzene, and di-
ethyl maleate, which deplete GSH approximately 90% or greater 
in 10- 120 min [29-32] . T hc slow decline in GSH observed in the 
skin after PUV A treatm ent suggests that synthesis inhibition is 
a more probable mechanism of action than conjuga tio n to GSH 
transferase, type II photoreaction, o r as a Michael acceptor. C ur-
rcntly , we are cxtcndin g our work by exa mining the effect of 
PUV A on the cutaneous influx and effl ux of GSH. 
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